Nuclear translocation of mothers against decapentaplegic homolog 2/3 (SMAD2/3), core transcription factors of transforming growth factor β (TGF-β) signaling, is critical for hepatic stellate cell (HSC) differentiation into metastasispromoting myofibroblasts. SMAD2/3 have multiple coactivators, including WW domain-containing transcription regulator protein 1 (WWTR1 or TAZ) and p300 acetyltransferase. In the nucleus, TAZ binds to SMAD2/3 to prevent SMAD2/3 nuclear export. However, how TAZ and SMAD2/3 enter the nucleus remains poorly understood because neither contains a nuclear localization signal (NLS), an amino acid sequence tagging proteins for nuclear transport. p300 is an NLS-containing large scaffold protein, so we hypothesized that SMAD2/3 and TAZ may undergo nuclear import through complexing with p300. Coimmunoprecipitation, immunofluorescence, and nuclear fractionation assays revealed that TGF-β1 promoted binding of SMAD2/3 and TAZ to p300 and that p300 inactivation disrupted TGF-β1-mediated SMAD2/3 and TAZ nuclear accumulation. Deleting the p300 NLS blocked TGF-β1-induced SMAD2/3 and TAZ nuclear transport. Consistently, p300 inactivation suppressed TGF-β1-mediated HSC activation and transcription of genes encoding tumor-promoting factors, such as connective tissue growth factor, Tenascin C, Periostin, platelet-derived growth factor C, and fibroblast growth factor 2, as revealed by microarray analysis. Chromatin immunoprecipitation-real-time quantitative PCR showed that canonical p300-mediated acetylation of histones also facilitated transcription in response to TGF-β1 stimulation. Interestingly, although both TGF-β1-mediated and stiffness-mediated HSC activation require p300, comparison of gene expression data sets revealed that transcriptional targets of TGF-β1 were distinct from those of stiffness-p300 mechanosignaling. Lastly, in tumor/HSC coinjection and intrasplenic tumor injection models, targeting p300 of activated-HSC/myofibroblasts by C646, short hairpin RNA, or cre-mediated gene disruption reduced tumor and liver metastatic growth in mice. Conclusion: p300 facilitates TGF-β1-stimulated HSC activation by both noncanonical (cytoplasm-to-nucleus shuttle for SMAD2/3 and TAZ) and canonical (histone acetylation) mechanisms. p300 is an attractive target for inhibiting HSC activation and the prometastatic liver microenvironment. (Hepatology 2019;70:1409-1423 ).
signaling events, including ligation of TGF-β receptor I and TGF-β receptor II on the plasma membrane, phosphorylation and nuclear translocation of mothers against decapentaplegic homolog 2/3 (SMAD2/3), and gene transcription in the nucleus. (2) Better understanding of how these signaling events are regulated may lead to novel targets to inhibit HSC activation and the prometastatic liver microenvironment.
TGF-β-mediated gene transcription is critically dependent on activation of SMAD2/3; however, how SMAD2/3 enter the nucleus is incompletely understood. Canonically, nuclear transport of proteins larger than 45 kDa, including SMAD2/3, requires a nuclear localization signal (NLS), a short amino acid sequence that tags a cargo protein for nuclear import. (3) The NLS motif is usually recognized by a complex containing importin α and β, which facilitates nuclear transport. Importin α and β function as a heterodimer, with importin α containing an NLS-binding site and importin β mediating the docking of the importin-cargo complex to the cytoplasmic side of the nuclear pore for subsequent transport through the pore. (3) Because neither SMAD2 nor 3 contains a classical NLS motif, (4, 5) three models have been proposed for their nuclear transport: (a) an NLSlike basic motif 40-KKLKK-44 may function as an alternative NLS to mediate SMAD3/importinβ binding, (4, 5) (b) SMAD2/3 are transported into the nucleus by binding to CAN/Nup214 nucleoporin, (6) and (c) SMAD2/3 are transported into the nucleus by importin 7 and 8. (7) Given the critical role of SMAD2/3 for TGF-β signaling, identifying novel mechanisms governing SMAD2/3 nuclear transport would provide unique mechanisms for targeting HSC activation.
Yes-associated protein 1 (YAP1) and WW domaincontaining transcription regulator protein 1 (WWTR1 or TAZ) are transcriptional coactivators that promote transcriptional enhancer factor TEF (TEAD/TEF) dependent gene transcription. (8) (9) (10) YAP1 activity contributes to not only the initiation, progression, and metastasis of cancer but also HSC activation and liver fibrosis. (11) (12) (13) However, luminescence-based mammalian interaction mapping identified that TAZ, but not YAP1, bound to SMAD2/3, (14) suggesting that TAZ may participate in TGF-β1/SMAD-mediated HSC activation as a coactivator of SMAD2/3. Indeed, in human embryonic stem cells, TAZ, retained in the nucleus by ARC105, provided a nuclear anchor for SMAD2/3 to prevent their nuclear export so as to promote TGF-β1 signaling. (14) As both TAZ and YAP1 lack an NLS motif, (9) understanding how TAZ, YAP1, and SMAD2/3 enter the nucleus would provide novel mechanistic insight into HSC activation. p300 acetyltransferase is a large scaffold protein that shuttles between the cytoplasm and nucleus of the cell for its N-terminal NLS . p300 promotes DNA binding and the transcriptional activity of SMAD2/3 by epigenetic mechanisms, such as acetylation of SMAD2/3 and histones. (15) (16) (17) p300 also critically mediates collagen synthesis in fibroblasts (18) and myofibroblastic activation of HSCs induced by stiffness. (19) Because p300 interacts with SMAD2/3, (16) we hypothesized that TGF-β-mediated SMAD2/3 and TAZ nuclear transport may be facilitated by p300. Using coimmunoprecipitation (coIP), we found that TGF-β1 induced a p300/SMAD2/3/TAZ protein complex. Immunofluorescence (IF) and nuclear fractionation revealed that p300 knockdown or inhibition of p300 acetyltransferase by C646 reduced nuclear accumulation of SMAD2/3 and TAZ and myofibroblastic activation of HSCs induced by TGF-β1. Additionally, overexpression of a p300 NLS-deletion mutant led to retention of SMAD2/3 and TAZ in the cytoplasm and blocked their nuclear transport induced by TGF-β1. Functionally, inactivation of p300 abrogated tumor-promoting effects of HSCs in vitro and in tumor implantation mouse models. Furthermore, chromatin immunoprecipitation-real-time quantitative PCR (ChIP-qPCR) demonstrated that p300 also facilitated gene transcription by a canonical epigenetic mechanism, such as acetylating histones. Thus, p300 plays both noncanonical and canonical roles for HSC activation by functioning as a cytoplasm-to-nucleus shuttle for SMAD2/3 and TAZ and by epigenetically promoting gene transcription through histone acetylation and chromatin remodeling.
Materials and Methods

Cell CUltURe
Murine HSCs were isolated from p300F/F mice as described. (19) Primary human HSCs were purchased from ScienCell Research Laboratories (#5300; Carlsbad, CA). HT29 human colorectal cancer cells and Lewis lung carcinoma cells (LLCs) were purchased from American Type Culture Collection (Manassas, VA). L3.6 human pancreatic cancer cells were provided by Dr. Raul Urrutia (Medical College of Wisconsin, Wauwatosa, WI), (20) and LX2 human hepatic stellate cells were from Dr. Scott Friedman (Icahn School of Medicine at Mount Sinai, New York, NY). Cells were authenticated by Genetica. Cells were regularly monitored for mycoplasma contamination by a MycoAlert detection kit (Lonza, Basel, Switzerland).
tRaNSFeCtIoN oF plaSMID oR siRNa aND VIRal tRaNSDUCtIoN oF CellS
FLAG-tagged p300 complementary DNA (cDNA) was from Dr. Makiko Fujii. (21) p300 NLS-deletion mutant with 11-PSAKRPK-17 removed was generated using a Q5 Site-Directed Mutagenesis kit (New England Biolabs, Ipswich, MA). Details regarding control, TAZ and YAP1 small interfering RNA (siRNA), p300 short hairpin RNA (shRNA) constructs, protocols of transfection, retro-or lentiviral packaging, and viral transduction (22) (23) (24) may be found in the Supporting Materials and Methods.
NUCleaR FRaCtIoNatIoN, coIp, aND WeSteRN Blot aNalySIS (WB)
Cell nuclei were isolated using CelLytic NuCLEAR Extraction Kit (NXTRACT; MilliporeSigma). Details about nuclear fractionation and use of isolated nuclei for coimmunoprecipitation (coIP) and WB may be found in the Supporting Materials and Methods.
MICRoaRRay aND RNa SeQUeNCINg (RNa-seq)
RNeasy Plus Universal Mini Kit was used to isolate RNA. gDNA eliminator was added to remove contaminating DNA. Microarray analysis, RNAseq, and bioinfomatics were done by the University of Minnesota Genomic Center. In brief, after samples were quantitated by nanodrop and RNA integrity was assessed by capillary electrophoresis, quality RNA samples were hybridized with human HT-12 v4 Expression BeadChip (Illumina, San Diego, CA) or converted to Illumina sequencing libraries for sequencing using HiSeq2500. (19) Data are in Gene Expression Omnibus (GSE116509 and GSE127964).
HSC/tUMoR CoCUltURe, HSC/ tUMoR CoINJeCtIoN, aND lIVeR MetaStaSIS MoUSe MoDelS
Details about HSC/tumor coculture may be found in the Supporting Materials and Methods. All animal experiments were approved by the Institutional Animal Care and Use Committee of the Mayo Clinic or the University of Minnesota. Subcutaneous HSC/tumor injection into nude mice and in vivo Xenogen imaging were performed as described. (23, 25) LLCs were implanted into p300F/ Fcre mice by intrasplenic injection, (20) and L3.6 cells were injected into severe combined immunodeficient (SCID) mice by portal vein injection. (23, 24) Details about control and p300F/Fcre mice as well as tumor injection protocols may be found in the Supporting Materials and Methods.
StatIStICS
Data are expressed as mean ± SEM and subjected to statistical analysis by Student t test or analysis of variance followed by a posthoc test using the GraphPad Prism 5 software. P < 0.05 was considered statistically different. Details regarding IF, WB, reagents and antibodies, ChIP-qPCR, and other in vitro and animal studies are located in the Supporting Materials and Methods.
Results
tgF-β1 INDUCeS BINDINg oF p300 to SMaD2/3 aND taZ IN HSCs
SMAD2/3 and TAZ interact in the nucleus and are involved in TGF-β-mediated signaling (14) ; however, it is unclear how SMAD2/3 and TAZ enter the nucleus because neither contains an NLS. Because p300 binds to SMAD2/3 and contains an NLS, (16) we hypothesized that p300 may act as a cytoplasm-to-nucleus shuttle for SMAD2/3 and TAZ. To test this, we performed coIP to study if TGF-β1 induced p300 binding to SMAD2/3, TAZ, or the TAZ-related protein YAP1. Human primary HSCs stimulated with TGF-β1 (5 ng/mL) were collected for nuclear fractionation and coIP, which revealed that TGF-β1 indeed promoted binding of p300 to SMAD2/3 and TAZ in HSCs (Fig. 1A) . In contrast, p300 did not bind to YAP1 (Fig. 1A) , which led us to focus on SMAD2/3 and TAZ in this study, rather than YAP1. IF confirmed that TGF-β1 induced coaccumulation of SMAD2, TAZ, and p300 proteins in the nucleus (Fig. 1B) . Thus, TGF-β1 induces a p300/SMAD2/3/ TAZ protein complex that may mediate SMAD2/3 and TAZ nuclear transport.
p300 INaCtIVatIoN SUppReSSeS SMaD2/3 aND taZ NUCleaR aCCUMUlatIoN INDUCeD By tgF-β1
Because p300 is the only NLS-containing protein in this complex, we tested if SMAD2/3 and TAZ nuclear transport by TGF-β1 was indeed mediated by p300. IF and subcellular fractionation showed that p300 protein was distributed to both the nucleus and cytoplasm of human primary HSCs (Fig. 1C ). To assess whether p300 was critical for SMAD2/3 and TAZ nuclear import, we disrupted p300 using two mechanisms: shRNA-mediated knockdown of p300 and inhibition of p300 acetyltransferase activity using the compound C646. As revealed by nuclear fractionation assay, TGF-β1 increased nuclear SMAD2/3 and TAZ protein levels in control cells, and this effect of TGF-β1 was reduced in p300 knockdown or C646-treated HSCs ( Fig. 1D ,E; P < 0.05). IF confirmed that p300 knockdown or C646 inhibited SMAD2/3 nuclear accumulation induced by TGF-β1 ( Fig. 2A,B ; P < 0.05). p300 knockdown appeared to specifically affect SMAD2/3 nuclear transport, as TGF-β1 induction of SMAD2 phoshorylation and total protein levels of TGF-β receptor I, TGF-β receptor II, and YAP1/TAZ were unaffected (Supporting Fig. S1A,B ). Thus, nuclear transport of SMAD2/3 and TAZ induced by TGF-β1 in HSCs requires p300.
DeletINg NlS oF p300 aBolISHeS SMaD2/3 aND taZ NUCleaR tRaNSpoRt INDUCeD By tgF-β1
To understand the mechanisms of SMAD2/3 and TAZ nuclear import by p300, we generated an NLSdeletion mutant (FLAG-p300NLS-Del). A construct encoding wild-type (wt) p300 (FLAG-p300wt) was used as a control. Because p300 cDNA was too large to be packaged into a retrovirus or lentivirus, we performed transient plasmid transfection of LX2 cells and identified transfected cells by IF. As revealed by FLAG IF (green, Fig. 3A ), p300wt was expressed strongly in the nucleus of LX2 cells and weakly in the cytoplasm. In contrast, p300NLS-Del mutant was predominantly in the cytoplasm. WB confirmed similar protein levels of full-length p300wt and p300NLS-Del proteins generated by plasmid transfection (Fig. 3A) . Double IF revealed that in nontransfected cells (asterisks, Fig. 3B ), SMAD2/3 were transported into the nucleus by TGF-β1. Overexpression of FLAG-p300NLS-Del mutant blocked TGF-β1-induced SMAD2/3 nuclear transport (arrowheads, Fig. 3B ; P < 0.05). Interestingly, FLAG-p300wt led to SMAD2/3 nuclear targeting even under vehicle condition (arrows, Fig. 3B ) and promoted SMAD2/3 nuclear accumulation after TGF-β1 stimulation (P < 0.05). Similarly, FLAG-p300NLS-Del mutant colocalized with and retained TAZ in the cytoplasm under both vehicle and TGF-β1-stimulated conditions (arrowheads, Fig. 4A ), whereas FLAG-p300wt increased nuclear TAZ in both vehicle and TGF-β1-stimulated conditions compared with nontransfected cells (arrows vs. asterisks, Fig. 4A ; P < 0.05). Thus, the NLS of p300 is indeed required for SMAD2/3 and TAZ nuclear import.
To confirm that this mechanism is specific for SMAD2/3 and TAZ, we investigated the role of the FLAG-p300NLS-Del mutant on YAP1 because YAP1 did not bind to p300 (Fig. 1A) . In contrast to SMAD2/3 and TAZ, YAP1 nuclear localization was unaffected by TGF-β1 or FLAG-p300wt ( Fig. 4B , rows 1 and 2; P > 0.05) and only slightly reduced by the p300NLS-Del mutant (Fig. 4B, arrowheads) . We also obtained NIH3T3 fibroblasts expressing either a FLAG-TAZ-4SA or FLAG-YAP1-5SA mutant under the control of doxycycline-inducible Tet-On system. (26) Because of S-A mutations, these mutants, once imported into the nucleus, could not be phosphorylated and exported out of the nucleus. (26) or p300 knockdown (P < 0.05), FLAG-YAP1-5SA nuclear localization was not (P > 0.05). Thus, TAZ and YAP1 enter the nucleus through distinct mechanisms.
peRtURBatIoN oF p300/SMaD2/3/ taZ CoMpleX SUppReSSeS tgF-β-INDUCeD aCtIVatIoN oF HSCs INto tUMoR-pRoMotINg MyoFIBRoBlaStS
p300 and TAZ are coactivators of SMAD2/3, so we assessed whether inactivation of p300 or TAZ could disrupt HSC activation by TGF-β1. Primary murine HSCs, isolated from mice harboring conditional p300 knockout alleles (p300F/F), (19) were transduced with adenoviruses encoding lacZ (control) or cre. WB revealed that TGF-β1-induced up-regulation of α-smooth muscle actin (α-SMA) and fibronectin, markers of HSC activation, was suppressed by cremediated p300 gene disruption ( Fig. 5A ; P < 0.05). Next, human primary HSCs expressing p300 shRNA or incubated with C646 were collected for WB and IF. WB showed that TGF-β1-induced up-regulation of α-SMA and fibronectin was consistently inhibited by three different p300 shRNAs. α-SMA IF revealed that 48% of control HSCs were differentiated into myofibroblasts by TGF-β1 whereas only 3% of p300 knockdown HSCs were differentiated ( Fig. 5B ; P < 0.05). Consistently, TGF-β1-stimulated HSC activation was inhibited by C646 ( Fig. 5C,D ; P < 0.05). Thus, perturbation of p300 in murine and human HSCs inhibited TGF-β1-stimulated HSC activation in vitro. We next transfected control or TAZ siRNA into HSCs and assessed myofibroblastic activation of HSCs. Suprisingly, TAZ knockdown alone could not influence α-SMA and fibronectin expression in TGF-β1-stimulated HSCs (Supporting Fig. S4A ). This led us to speculate that YAP1 may crosstalk with the TGF-β signaling to compensate for TAZ. Thus, we cotransfected TAZ siRNA and YAP1 siRNA into human primary HSCs, followed by TGF-β1 stimulation. WB revealed that TAZ/YAP1 knockdown significantly reduced up-regulation of α-SMA and fibronectin by TGF-β1. IF confirmed that more than 50% of control HSCs were differentiated into myofibroblasts by TGF-β1 whereas only 3% of TAZ/ YAP1 knockdown HSCs were differentiated ( Fig. 6A ; P < 0.05). Thus, disrupting the coactivators of SMAD2/3 inhibits TGF-β1-mediated activation of HSCs into myofibroblasts.
Myofibroblasts are well documented to promote tumorigenesis. So we assessed the function of the TGF-β-p300/SMAD2/3/TAZ signaling of HSCs for tumors using a tumor/HSC coculture model. HSCs seeded onto a cell culture plate were pretreated with or without TGF-β1 and cells were grown to confluence. L3.6 human pancreatic cancer cells, in a single-cell suspension, were seeded on the top of HSCs so that L3.6/HSCs were cocultured in serum-free medium. IF for E-cadherin, an epithelial cell marker, was performed to identify and quantitate cancer cell proliferation 3 days later (Fig. 6B ). As shown in Fig.  6B , TGF-β1-pretreated control HSCs promoted L3.6 proliferation compared with vehicle-pretreated HSCs (P < 0.05), and this tumor-promoting effect of HSCs was blocked by p300 knockdown (P < 0.05). Thus, TGF-β1 potentiation of the tumor-promoting effect of HSCs can be inhibited by knockdown of p300.
p300 aCetylateS HIStoNeS to FaCIlItate HSC to eXpReSS tUMoR-pRoMotINg FaCtoRS
To better understand how p300/SMAD2/3/TAZ influence the tumor-promoting effect of HSCs, we collected control and p300 knockdown HSCs, with or without TGF-β1 stimulation, for microarray analysis, and data were deposited to Gene Expression Omnibus (GSE116509). Using 1.5-fold increase as a cutoff, more than 700 genes were identified as TGF-β inducible genes (GSE116509, 22 representative genes are listed in Supporting Fig. S5A ). Importantly, TGF-β1 promoted transcripts of genes encoding tumorpromoting factors, (Genes: TNC, POSTN, CTGF, PDGFC, and FGF2), (27) (28) (29) (30) (31) and this effect of TGF-β1 was abolished by p300 knockdown (Fig. 6C ). WB confirmed that TGF-β1 increased protein levels of tenascin C, periostin, and CTGF through p300 (Fig. 6C) . Consistently, up-regulation of these tumor-promoting factors by TGF-β1 was abrogated by silencing both TAZ and YAP1 by siRNA ( Supporting Fig. S4B ). To assess whether these proteins are responsible for the tumor-promoting effects of HSCs, HSC conditioned media were collected and used to stimulate HT29 human colorectal cancer cell proliferation in vitro. (32) As revealed by MTS proliferation assay, the tumor-promoting effect of HSCs was reduced by p300 knockdown and the impaired tumor-promoting effect of p300 knockdown HSCs was partially rescued by recombinant CTGF (Supporting Fig. S5B ). Thus, p300 potentiates tumor-promoting effects of HSCs by regulating expression of paracrine factors, including CTGF.
Canonically, p300 modulates gene transcription by an acetylation-dependent mechanism. We next used ChIP-qPCR (19) to test if p300 facilitated transcription of POSTN or CTGF by acetylating histone 3 at lysine 27 associated with their gene promoters. As revealed by ChIP-qPCR, acetylation levels of H3K27 on the promoter of POSTN or CTGF after TGF-β1 stimulation were indeed lower in p300 knockdown HSCs than in control cells (Fig. 6D,E ; P < 0.05). Consistent data were obtained with HSCs treated with C646 ( Supporting Fig. S5C ). Thus, in addition to noncanonical transport of SMAD2/3 and TAZ into the nucleus, p300 also acetylates histones and 
taRgetINg p300 IN HSCS SUppReSSeS tUMoR gRoWtH IN MICe
We next tested if inhibiting p300 in HSCs could inhibit tumor growth in mice. To this end, we mixed HT29 with HSCs and coinjected them into nude mice subcutaneously. (23, 25) Seven days later, 28 tumor nodules resulting from HT29/HSC coinjection were divided symmetrically into two groups; one group received intratumoral injection of C646 at 20 µM and another received dimethyl sulfoxide (DMSO). Twenty micromole of C646 was used because C646 at this dose did not influence HT29 proliferation (Supporting Fig.  S6A ). Tumor size measurement revealed that C646 significantly reduced tumor growth in mice compared with DMSO ( Fig. 7A ; P < 0.05). IF and WB showed that compared with DMSO, C646 reduced myofibroblast densities and protein levels of α-SMA, CTGF, tenascin C, and periostin of the tumors, which are TGF-β/SMAD transcriptional targets (Fig. 7B,C P < 0.05). Thus, C646 inhibits tumor growth in a preclinical mouse model.
To confirm that C646 inhibited tumor growth through the effect on HSCs, we next performed coinjection of HT29 cells with either control or p300 knockdown HSCs. HT29 cells were tagged by firefly luciferase before injection, and Xenogen live imaging of HT29 bioluminescence demonstrated that p300 knockdown HSCs were less effective than control HSCs at promoting HT29 implantation in mice at days 5 and 7 after coinjection ( Fig. 7D ; P < 0.05).
Tumor size measurement showed that p300 knockdown HSCs were also less effective than control HSCs at promoting HT29 growth in mice ( Fig.  7E ; P < 0.05). In addition, protein levels of α-SMA, CTGF, tenascin C, periostin, and myofibroblast densities in tumors arising from HT29/HSC-p300shRNA coinjections were significantly lower compared with tumors arising from control coinjections ( Fig. 7F ; Supporting Fig. S7B ; P < 0.05). Thus, targeting HSC p300 selectively inhibits HSC activation and tumor growth in mice. 
NUCleaR SMaD2/3 aND taZ IN aCtIVateD-HSC/ MyoFIBRoBlaStS oF MURINe lIVeR MetaStaSeS aRe DoWN-RegUlateD By cre-MeDIateD p300 geNe DISRUptIoN
To translate our findings to liver metastases, we used a murine model of liver metastasis where L3.6 pancreatic cancer cells were injected into the portal vein of SCID mice (Fig. 8A) . Liver metastases were harvested and assessed for SMAD2/3 and TAZ localization. Nuclear SMAD2/3 and TAZ were indeed more increased in activated-HSC/myofibroblasts of liver metastases (arrows) than in quiescent HSCs (arrowheads; Fig. 8B ,C; Supporting Fig. S8A ; P < 0.05), similar to p300, which we showed previously. (19) To assess whether p300 mediated SMAD2/3 and TAZ nuclear translocation in HSCs in this model, we used HSC/ myofibroblast-specific p300 knockout mice (p300F/ Fcre) developed by crossing p300F/F mice with colla-gen1A1-cre transgenic mice. We showed that MC38 colorectal cancer cells formed fewer liver metastases in p300F/Fcre mice compared with control mice after portal vein injection. (19) In this study, we injected LLCs into the spleen of mice (Fig. 8D ) because this intrasplenic tumor injection model mirrored many clinical conditions of patients with metastatic liver disease. Similar to MC38 cells, LLCs formed fewer liver metastases in p300F/Fcre mice than in p300+/+cre mice, and p300F/Fcre liver metastases contained reduced protein levels of α-SMA, periostin, and CTGF (Fig. 8D,E; P < 0.05). Additionally, IF revealed that nuclear SMAD2/3 and TAZ were significantly lower in p300F/ Fcre myofibroblasts (arrows) than in p300+/+cre myofibrolasts (arrowheads; Fig. 8F ; Supporting Fig. S8B ; P < 0.05). Thus, p300 is indeed responsible for nuclear accumulation of SMAD2/3 and TAZ in the activated-HSC/myofibroblasts of liver metastases.
tUMoR-pRoMotINg FaCtoRS INDUCeD By tgF-β1-p300/ SMaD2/3/taZ SIgNalINg aRe DIStINCt FRoM tHoSe INDUCeD By StIFFNeSS-p300 MeCHaNoSIgNalINg
We have reported that a stiff substrate targeted p300 to the nucleus by activating a RhoA-Akt mechanosignaling and led to epigenetic modifications that promoted HSC activation. (19) RNA-seq (GSE101343) revealed that the stiffness-p300 signaling increased transcription of a panel of tumor-promoting factors, including chemokine (C-X-C motif ) ligand 12 (CXCL12). Because p300 is a common mediator for both TGF-β1-mediated and stiffness-mediated HSC activation, we performed RNA-seq for TGF-β1-stimulated HSCs and compared two gene expression data sets (GSE101343 and GSE127964) . Surprisingly, among 23 tumor-promoting targets of stiffness identified by RNA-seq, (19) only interleukin (IL) 11, SERPINE1, THBS1, FGF2, and CTGF were enhanced by TGF-β1 (Supporting Fig. S9A ). Conversely, among TNC, POSTN, CTGF, FGF2, and PDGFC, five TGF-β1 targets identified by this study, only CTGF and FGF2 were turned on by stiffness-p300 mechanosignaling (Supporting Fig. S9B ). Thus, the distinct gene targets induced by TGF-β1 or stiffness-mediated HSC activation suggest that stiffness may induce yet unidentified transcription factors, in addition to SMAD2/3, to promote HSC activation.
Discussion
This study revealed that p300 plays a dual role in HSC differentiation into myofibroblasts in response to TGF-β1. First, p300 acts as a cytoplasm-to-nucleus shuttle to transport SMAD2/3 and TAZ into the nucleus of HSCs. This reveals a function for p300 in mediating nuclear import of proteins that lack an NLS. Second, p300 acetylates histones and remodels chromatins to facilitate expression of TGF-β1 targets. Moreover, inactivation of p300 suppresses myofibroblastic activation of HSCs and tumor-promoting effects of HSCs in vitro and in a tumor implantation mouse model. Thus, p300 plays both noncanonical (cytoplasm-to-nucleus shuttle) and canonical (histone acetylation) roles during TGF-β1-mediated activation of HSCs into tumor-promoting myofibroblasts.
Tumors are stiffer than normal tissues because of excessive extracellular matrix deposition by myofibroblasts. Our prior study demonstrated that tumor stromal stiffness targeted p300 to the nucleus of HSCs where p300 epigenetically turned on transcription of a panel of tumor-promoting factors, including CXCL12, IL11, IL6, PDGFA and B, and vascular endothelial growth factor A, and activated HSCs into tumor-promoting myofibroblasts. (19) Thus, p300 represents a common mediator for both TGF-βmediated and stiffness-mediated HSC activation. Because of this, we compared two RNA-seq data sets (GSE127964 and GSE101343) and interestingly found that the tumor-promoting factors induced by TGF-β1 and stiffness were relatively distinct but contained a very small overlap that included CTGF, a known transcriptional target of TAZ. This finding suggests that in the setting of stiffness-induced HSC activation, unidentified transcription factors, in addition to SMAD2/3, are activated by p300mediated acetylation or p300-driven nuclear transport. Together, these data highlight p300 as an attractive target for suppressing HSC activation, liver fibrosis, and the prometastatic liver microenvironment.
The notable finding of this study was the identification of p300 as a protein scaffold and cytoplasm-to-nucleus shuttle for SMAD2/3 and TAZ. Interestingly, C646, an inhibitor targeting p300 acetyltransferase activity, also inhibited TGF-β1-mediated nuclear transport of SMAD2/3 and TAZ (Figs. 1E,  2B) . These data suggest that both the protein scaffolding function and acetyltransferase activity of p300 are required for nuclear transport of SMAD2/3 and TAZ. Indeed, both SMAD2/3 and importin α have been reported as targets of acetylation. (15, 33) Thus, p300-mediated acetylation is not unique to proteins involved in gene transcription, such as transcription factors, coactivators, and histones. In addition to gene transcription, p300-mediated acetylation also participates in numerous biological processes, including protein nuclear import. Identification of additional acetylation targets of p300 may reveal further roles for p300 in regulating protein function as well as gene transcription.
YAP1/TAZ transcriptional coactivators play important roles in organ fibrogenesis, including lung and liver fibrosis. (11) (12) (13) 26) How YAP1 and TAZ enter the nucleus is intriguing because neither contains an NLS motif. (9) Here we demonstrated that in HSCs and NIH3T3 mouse embryonic fibroblasts, nuclear transport of TAZ was dependent on p300 whereas nuclear transport of YAP1 was not, supporting distinct mechanisms by which TAZ and YAP1 entered the nucleus of fibroblasts. Stiffness targets both p300 and TAZ to the nucleus, so TAZ nuclear transport induced by stiffness may be also facilitated by p300. Although the current study focuses on TAZ rather than YAP1, the role of YAP1 in HSC biology should not be overlooked. YAP1 is in fact a critical proliferative factor for HSCs in a murine liver injury model, (34) and it modulates the myocontractility of activated-HSC/ myofibroblasts at the downstream of β1-integrin signaling. (12) Hedgehog-YAP1 signaling promotes glutaminolysis to metabolically reprogram activated-HSC/ myofibroblasts. (13) Additionally, targeting YAP1 led to suppression of HSC activation and liver fibrosis in mice. (11, 12) These data support that YAP1 participates in profibrotic signaling pathways, other than TGFβ/SMAD signaling, to modulate HSC activation and liver fibrosis, and further studies are needed to understand the mechanisms of YAP1 nuclear import.
In conclusion, p300 promotes TGF-β-stimulated HSC activation by both noncanonical and canonical mechanisms; it acts as a cytoplasm-to-nucleus shuttle for SMAD2/3 and TAZ, and it also epigenetically modifies histones to support transcription of TGF-β targets. These data highlight p300 as a target for suppressing HSC activation and the prometastatic liver microenvironment. Because a desmoplastic tumor stroma contributes to not only metastatic growth but also impaired drug delivery and resistance to chemotherapy and radiation therapy, targeting HSC p300 in combination with conventional cancer therapies may improve the clinical outcome of patients with metastatic liver disease.
